In this research, we demonstrated the effectiveness of potassium polyethylene plycolate method (KPEG) in the removal of polychlorinated biphenyls (PCBs) from transformer oil. A commercially available transformer oil composed of a mixture of PCBs (Aroclor 1254) was treated by polyethylene glycol 400 (PEG 400), with potassium hydroxide (KOH). The relative efficiency of the different treatments was assessed in terms of the destruction and removal efficiency (DRE, %) by means of gas chromatography at different reaction times. Our results revealed that the DRE average, with a value of 95.0%, was obtained under the experimental conditions: mol ratio KOH/PEG = 2:1 and KPEG/oil = 30:1 for 3 h 30 min of reaction at 90°C. Additionally, the influence of time demonstrated effect on the dechlorination of PCBs.
Introduction
In the last 20 years, there have been numerous investigations for polychlorinated biphenyls (PCBs) removal and destruction of contaminated products and several processes have been developed. PCBs, a type of synthetic organic compound and also called chlorinated biphenyls, are widely applied in industry. A sum of 209 theoretical PCB congeners exists based on the differences of substitution number and location of chlorine atom (Tanabe, 1988; Bedard et al., 2006; Ryoo et al., 2007) . Different methods for the destruction of PCBs have been proposed between them, high temperature controlled incineration, chemical decomposition, advanced oxidation process, hydrothermal oxidisation degradation, reduction and thermo-chemistry degradation, photodisintegration, plasma degradation (Liu et al., 2011; Jung et al., 2012) . Revealed several uncommon PEG based chemical processes to treat PCBs oils but promising for industrial use, they will be briefly described (De Filippis and Pochetti, 1997; Lopera and Aguirre, 2006) .
Chemical dehalogenation is a chemical process used to remove halogens (usually chlorine) from a chemical contaminant by hydrogen or a reducing radical containing hydrogen donor. Examples of direct chemical dehalogenation include the alkaline polyethylene glycol (APEG) processes and base-catalysed decomposition. The mechanism for the reaction involves the displacement of the chlorine atoms by APEG to from a chloride salt substituted organic polymer (Guyer, 1998) . These methods have been developed based on the reaction between PCBs and PEG alkoxides, a group of reagents generically referred as APEG. Brunelle (1982) carried out an extensive study of Aroclor 1260 dechlorination in such non-polar media as heptane and toluene and found that PCBs react with polyethylene glycols and potassium hydroxide (KPEG) under mild conditions, following a simple nucleophilic substitution by a polyethylene glycol (PEG) alkoxide, probably occurring in the glycol phase. De Filippis et al. (1999) applied the same chemical process to remove PCBs from contaminated dielectric and lube oils, concluding that the former are easier to dehalogenate. First-order kinetic was observed for each PCB as well as for the PEG concentration. The reaction was also affected by the KOH/PEG ratio. To our knowledge, there are no studies treating transformer oil with high PCBs concentrations (500 ppm) using the KPEG process. Only Kaštanek and Kaštanek (2005) and Wang and He (2013) use PCBs concentrations in the order of 15 g/kg of oil (sum of seven indicative congeners) but using the modified KPEG process with powdered aluminum at higher temperatures. Some studies confirmed that nucleophile agents such as PEG, in alkaline environment, greatly influence the decomposition of PCBs (Kaštanek et al., 2011; Kamarehie et al., 2014) . In KPEG method, KOH as an activator and PEG as catalyst, produce complexes with potent nucleophilic qualities under conventional heating at mild temperatures (60-120°C) (Cafissi et al., 2007) The main purpose of this study is to demonstrate the efficiency of KPEG method for the dechlorination of PCBs contamination from the transformers oils by nucleophilic aromatic substitution of the chloro atoms.
Materials and methods

Samples
Samples used in this study were supplied by the company 'Ciclos Minerva de Villa Clara' (Cuba) from transformers Askarel-oil that was contaminated with 100 ppm of PCB. Additionally, Aroclor 1254, a commercially available PCB mixture containing 54% chlorine by weight was used. The dechlorinating agent for this study was PEG 400.
Chemicals used
All reagents used in this study, i.e., potassium hydroxide, sodium hydroxide, n-hexane, polyethylene glycol (PEG 400), were analytical grade and provided by Fluka.
Alkaline decomposition of PCBs by KPEG method
Contaminated transformer oils were selected. 56.11 g of KOH were weighed and dissolved in 200 g of PEG 400 (300 mmol), the reaction was performed in a 250 mL stirred-reactor at 1,000 rpm and 70°C. KPEG was prepared reacting PEG 400 with powdered KOH with a molar ratio of 2:1 respectively. Oils were heated in the reactor, adding the KPEG decomposition reagent. All experiments were performed in 3 h 30 min. To analyse the content of PCBs, sample aliquots (4 mL) were collected at different sampling points (every 10 min).
For each sample, 20 mL of water-soluble fractions of the KPEG were added and PCBs were subsequently extracted from the samples with 25 mL of n-hexane (for a total of 49 ml). Finally, PCBs were extracted in a separator funnel.
Analysis of PCBs using gas chromatography
The analysis of PCBs was carried out by an integrated system of gas chromatography. During the process, the mole ratios of PEG 400 and content of PCBs was varied 30:1. PCBs content in the oil and glycol phases were determined using a Chrompack CP 9002 gas chromatograph. For analysis, an oil aliquot (100 µL) was diluted in 15 mL of n-hexane. 200 µL of this sample were diluted with 1.8 mL of the same solvent. A HP-5 capillary column (30 m × 0.32 mm, 0.25 µm id), 5% Phenyl, 95% dimethylpolysiloxane was used.
The chromatographic conditions were: 50°C for 1 min, 15°C/min to 140°C maintained for 15 min and finally 2°C/min to 270°C. The temperature of the injector was 260°C and 300°C for FID. The carrier gas was nitrogen at a constant flow rate of 0.5 mL/min and the ionisation energy was 70 eV with a resolution of 1,000. An auto injector CTC analytics-PAL for an injection of 2 μL was used. The DRE values were determined by comparing the total peaks area at time zero with the different total areas obtained at different times of treatment, and it was expressed as removal percent. For the statistical analysis the SPSS program version windows 22.0 was used.
KPEG method
In the equation (2), the PCB reacts with KPEG and gets converted to polyethylene glycolate that moves from the oil to aqueous phase, cleansing the oil of this molecule.
Due more highly chlorinated congeners react more readily than less chlorinated. The KOH/PEG process is a nucleophilic reaction where polyethylene glycolate selectively attacks the active sites (halogen group) of the polychlorobiphenyl molecule. During the reaction of PEG/KOH with PCBs, the PEG is used as a nucleophile under basic conditions which attacks the carbon of the benzene partially positively charged, resulting in the liberation of chlorine. The reaction mechanism is relatively simple, the PEG acts as a phase of catalyst transference, moving polychlorinated molecules from the apolar phase (oil) to the polar phase (KOH/PEG) where the reaction may occur (Figure 1) . 
Reaction of formation of KPEG reagent
( ) ( )− − − − + → − − − +(1)
Dechlorination reaction of PCB
Infrared spectroscopy analysis
Infrared spectroscopy is an easy and fast technique for detecting the presence of PCBs in dielectric oils. In fact, intense and often broad vibration bands of valence υ (C -Cl) appear in the IR spectrum of halogenated compounds in the range of wavelength between 600 and 830 cm -1
, as well as characteristic bands of the benzene ring. For this analysis, a Bruker Vector 22 FTIR spectrometer was used.
This procedure was performed by placing a drop of oil and spraying on NaCl to obtain a thin film, and then the spectrum was recorded. By analysing the IR spectrum presented in Figure 2 , characteristic bands from an aromatic ring were observed: vibrations of valence CSP2-H above 3,000 cm -1 (at 3,089 cm -1
) and bands between 1,450 and 1,600 cm -1 (specifically at 1,454, 1,475 and 1,555 cm -1 ) corresponding to valence vibrations υC = C. Bands corresponding to CSP3-H vibrations of an aliphatic compound were determined below 3,000 cm -1 , specifically at 2,924 and 2,852 cm -1 . At 814 cm -1 an intense band corresponding to vibrations υC -Cl appeared, confirming the presence of a clored aromatic compound. At 1,757 cm -1 a carbonyl band υC = O was observed and also a band at 1,383 cm -1 assignable to the deformation of an aliphatic CH3 (Figure 2 ). 
Dehalogenation process by KPEG method
The PCBs removal is greatly affected by the chlorination degree: the less chlorinated PCBs are more difficult to remove chlorine, whereas the highly chlorinated PCBs are easier to remove chlorine. The acceleration of the dechlorination reaction for highly chlorinated PCBs may be attributed by two factors:
1 The high probability of collision between PEG-alkoxide with one of the chlorine atoms of a PCB molecule.
2 The easy removal of a chlorine atom from the aromatic ring due to the presence of a high number of electrons groups.
The strong activity observed from the highly chlorinated PCBs is particularly favourable from an ecological and environmental perspective since these are the most toxic to human health. Due to the high viscosity of oils containing high PCB amounts it is important to use high stirring speeds. Another important aspect is the KPEG/oil ratio. This ratio varies considerably with the PCB concentration in oil. The mass ratios of KPEG/oil are used for oils with high concentration of PCBs (100 ppm Therefore, amounts of reactants, reaction time, and rate of mixing were all kept constant during the run. During the reaction of PEG/KOH with PCBs, PEG acts as a nucleophile under basic condition which attacks a partially positive charged carbon on benzene, resulting in leaving chlorine. The results obtained of the sample treated with KPEG at 90°C at different reaction times are shown in Figure 4 . As shown in Figure 4 , the peak intensity decreased with increasing reaction time, thus achieving the removal of the different PCB congeners. Lower chlorinated congener's concentration begins to appear with an increase of the area under the curve with increasing reaction time between 15 and 30 minutes. That is the result of the treatment of the highly chlorinated PCBs with KPEG, which are degraded to smaller molecules generating PCBs less chlorinated. Regarding the removal of the mixture of trichlorobenzene using KPEG, it is possible to observe that only after 15 min of reaction, there was a significant decrease of the peak intensity and area under curve, indicating this treatment was effective for the removal of this compound. The results demonstrated that the time influenced on the removal of PCBs in transformer oil using KPEG method. Figures 5 and 6 show the relative retention times (RRT) and areas for PCBs and trichlorobenzene mixture, respectively, plotted for each reaction time. The results show that when the time reaction increased, the areas of peaks of some congeners decrease. The performance of this study was assessed in terms of the DRE of PCBs. DRE value was expressed as percentage. Average DREs of PCBs were determined by comparison of relative peak area corresponding to the starting PCB mixtures. The Figure 7 shows the destruction/removal percent of the sample at different times of treatment. After 50 min of reaction, 90.74% removal of PCBs in the sample was reached and after 210 minutes (3h 30 min) 93% of removal was obtained. These results is different than those obtained by Cafissi et al. (2007) , where the effectiveness of PEG increases somewhat with increasing molecular weight, those authors used PEG 1,000; PEG 600 and PEG 300. However, no statistical evaluation of these results was reported. The chromatograms for the mixture trichlorobenzenes were analysed before reaction zero minutes and after 15 minutes (Figure 8 ). Both samples showed two similar peaks around 5.8 and 6.1 minutes. Additionally, samples showed a small peak around 5.3 ppm which may be due to the presence of chlorinated derivatives in the sample. Whereas the relative intensity of the two peaks between 5.8 and 6.1 min are decreased for the 15 minutes processed sample. Also was observed that at 5.3 minute the peak disappears completely peak, which shows the process of chlorination in the sample. The treatment of PCBs in transformers oils was evaluated with different reaction time. The results our studies demonstrated that removal of PCBs in transformer oil by chemical reaction was highly effect on the reaction time. The dechlorination of greatly chlorinated PCBs is mainly favourable form the ecological environmental point of view since they are the most dangerous. The KPEG process with the experimental conditions used is also effective for the mixture of trichlorobenzene present in the sample, attained its complete removal after 15 minute of reaction.
Conclusions
The KOH/PEG process used in this study for the PCB removal achieved a high removal efficiency of these compounds (95.0%) in a short time (3 h 30 min) with a KPEG/PCB ratio of 30:1 at a temperature of 90ºC and 1,000 rpm. The KPEG process selected for the treatment of PCB-contaminated transformer-oils is a simple method, economic, available and an appropriate alternative to other PCB destruction methods, and showed no significant adverse-impacts on the environment.
